Abstract The growth, metabolism, and productivity of five Chinese hamster ovary (CHO) clones were explored in response to stimulation with insulin (5 mg/L) and LONG Ò R 3 IGF-I (20 lg/L or 100 lg/L). All five clones were derived from the same parental CHO cell line (DG44) and produced the same recombinant monoclonal antibody, with varying specific productivities. There was no uniform response among the clones to stimulation with the different trophic factors. One of the high productivity clones (clone D) exhibited significantly better growth in response to LONG Ò R 3 IGF-I; whereas the other clones showed equivalent or slightly better growth in the presence of insulin. Three out of the five clones had higher specific productivities in the presence of insulin (although not statistically significant); one was invariant, and the final clone exhibited slightly higher specific productivity in the presence of LONG Ò R 3 IGF-I. Total product titers exhibited moderate variation between culture conditions, again with neither trophic factor being clearly superior. Overall product titers were affected by variations in both integrated viable cell density and specific productivity. Nutrient uptake and metabolite generation patterns varied strongly between clones and much less with culture conditions. These results point to the need for careful clonal analysis when selecting clones, particularly for platform processes where media and culture conditions are predetermined.
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Introduction
Currently over 165 recombinant therapeutic proteins are approved for human use, with another 500 in preclinical and clinical development (Durocher and Butler 2009) , accounting for approximately 25% of all new drugs approved in the United States and Europe (Walsh 2006 (Walsh , 2007 . The 2009 protein therapeutics market was approximately $92 billion (La Merie Business Intelligence 2010), approximately one-third of the total pharmaceutical sales, with expectations that by 2014 therapeutic proteins will comprise half of the top 100 pharmaceuticals (Strohl and Knight 2009) . Equally importantly, therapeutic proteins have provided new treatments for many previously untreatable conditions including immunological and metabolic disorders, have eliminated the risks associated with purification of proteins from human and animal tissues for conditions such as hemophilia and diabetes, and have provided entirely new, targeted approaches to cancer treatment. While these statistics are encouraging, it is important to note that the success rate of pharmaceuticals in clinical trials, even biopharmaceuticals, is still relatively low. For example, between 1990 and 1997, 134 small molecule candidates for cancer therapeutics entered clinical trials; 77% of those trials were completed during that period, resulting in 12 newly approved compounds, a 12% success rate. During that same period, 16 humanized monoclonal antibodies entered clinical trials as cancer therapeutics; 62.5% of those trials were completed, resulting in 3 new biopharmaceuticals, a 30% success rate (Reichert and Wenger 2008) . This relatively low success rate increases the pressure on companies to maintain a large volume of products in their pipeline, increasing demands on process development groups to reduce time-to-clinic and time-to-market.
More than two-thirds of the marketed therapeutic proteins are glycoproteins (Li and d'Anjou 2009) , produced predominantly in mammalian cell culture systems, with Chinese hamster ovary (CHO) cell systems being the most widely used production host (Durocher and Butler 2009) . CHO cells have emerged as the preferred host due to their extensive characterization and human-like glycosylation, particularly in comparison with murine cell lines. Two primary selection systems are used to generate stable cell lines with high levels of expression, the dihydrofolate reductase (DHFR) system (Kaufman et al. 1983; Kaufman 1990; Urlaub and Chasin 1980) , and the glutamine synthetase (GS) system (Bebbington et al. 1992) . While there are advantages and disadvantages to both systems, extensive clonal selection and screening are still required in both systems. This selection and screening is time consuming and labor intensive and is usually focused on identifying clones that generate high titers. To improve throughput and reduce time-to-clinic, a number of biotechnology companies have adopted platform processes in which a fairly limited number of process parameters are varied in process development, regardless of the therapeutic moiety of interest. There are limited numbers of publications addressing platform processes for downstream processes or product purification (Eppink et al. 2009; Shukla et al. 2007 ) and surprisingly, none in the upstream process-development literature, despite the topic being extensively discussed in oral presentations (Leonard and Onadipe 2010; Seeworster 2010 ) and trade journals (DePalma 2008) . A critical issue in clone selection is the compatibility of the selected clone with the platform process. This can become an even greater issue when a change is made in the platform process, e.g. transitioning to chemically defined media.
In this study, we examined the growth, productivity, and metabolic activity of five different CHO cell clones, all of which were derived from the same parental cell line and produce the same recombinant monoclonal antibody. Clones were grown in the presence of either insulin or LONG Ò R 3 IGF-I, a potent substitute for insulin that has been reported to increase growth and productivity in some cell lines (Morris and Schmid 2000) . In addition to differences in growth and specific productivity between the clones, we found substantial differences in metabolic behavior and responsiveness to insulin or LONG Ò R 3 IGF-I, despite all the cell clones being grown in the same, serum-free medium. Our results highlight the need for a thorough analysis of the behavior of different cell clones before a clone is selected and a master cell bank generated, as well as suggesting the value of maintaining several ''backup'' clones that might be revived if a working clone does not respond well to process changes.
Materials and methods
Cell lines and cell culture
Chinese hamster ovary cell clones that produce a recombinant monoclonal humanized IgG with different specific productivities (qP) were provided by Biogen Idec (Cambridge, MA). These cell lines were developed by cotransfecting two plasmids, one containing IgG heavy chain (HC) and dihydrofolate reductase (DHFR) genes and the other containing IgG light chain (LC) and neomycin phosphotransferase (Neo) genes. Transfected cell lines were initially selected in medium containing 400 lg/mL neomycin (G418). After selection, the neomycin was removed, and all subsequent cultures were performed in the absence of neomycin. Subsequently, gene amplification was performed by stepwise selection with increasing methotrexate (MTX) concentrations. Based upon previously determined specific productivities, higher producers A1, C1, C2, and D and lower producer G were selected for the studies. Cell clones A1, C1, and C2 have been previously described (Jiang et al. 2006; Jiang and Sharfstein 2009 ). Cells were cultured in a serum-free modification of DME-F12 and alpha MEM medium supplemented with MTX (Sigma) as needed. The complete medium formulation is available in supplementary information (On-line resource 1). Frozen cell stocks were thawed into fresh medium and seeded at 0.2 9 10 6 cells/mL. Cell suspensions (10 mL) were cultured on an orbital shaker in upright T-25 flasks (Corning, Corning, NY) at 36°C, 5% CO 2 , and 125 rpm. Cells were routinely sub-cultured every 3 days. After two passages, all cell viabilities exceeded 95%, indicating cells were fully recovered from the frozen state. Cell culture samples were taken every 24 h for biochemical assays and determination of IgG levels.
Cell clones were seeded at *0.2 9 10 6 cells/mL in duplicate with either 5 mg/L insulin (SAFC Biosciences (91077C)) or LONG Ò R 3 IGF-I (20 lg/L or 100 lg/L, Novozymes Biopharma DK A/S, available from SAFC Biosciences, product number 85580C or 91590C). Cell-culture samples were taken every 24 h for cell counts, biochemical assays, and determination of IgG levels. Samples for biochemical and antibody analysis were centrifuged and the supernatant removed. Sodium azide was added to a final concentration of 0.01% and supernatant samples were stored at -20°C until analyzed. Cultures were monitored for a total of 7 days.
Determination of cell counts
Cell density and viability were measured using trypan-blue exclusion. Samples were taken and cell counts determined every 24 h. Determination of glucose, glutamine and lactate levels Cell-culture supernatants were analyzed for glucose and lactate using a YSI 2700 biochemical analyzer (Yellow Springs, OH, USA). The instrument was standardized using 2.5 g/L glucose and the lactate standard from YSI (YSI 2776). 20 lL injections were used. Glutamine and glutamate concentration were analyzed using a YSI 7100 analyzer with 5 mM glutamine and glutamate standards.
Amino acid analysis
Amino acid consumption in spent media was measured using the optimized Waters AccQÁTag amino acid analysis method and kit based on pre-column derivatisation with AQC [6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. Prior to analysis, spent medium samples were diluted 1 in 5 using DPBS (Dulbecco's phosphate buffered saline) and heated for 10 min at 55°C. Samples were analyzed by rp-HPLC and the elution of 17 amino acids monitored by UV detector at 254 nm. The amount of amino acids consumed or synthesized by different clones was calculated against an amino acid standard H solution (PIERCE, Prod# NCI0180).
Determination of IgG levels using protein A chromatography
The productivity of cells was determined by measuring the concentration of the IgG secreted into the sampled medium by affinity chromatography. Briefly, a Millipore ProSep Ò Protein A column, 4.6 9 50 mm (or equivalent) was used to separate IgG from each sample. 100% binding buffer (150 mM NaCl, 4.5 mM NaH 2 PO 4 , 15.5 mM Na 2 HPO 4 , pH 7.4) was used for the first 2 min followed by a gradient of 0-100% elution buffer (18.9 mM Na 3 C 6 H 5 O 7 Á2H 2 O, 81.1 mM C 6 H 8 O 7 ÁH 2 O, pH 3.2) over 3 min, with a total analysis time of 10 min. The flow gradient program entailed a step of 0.5-1.0 mL/min from 0 to 2 min to capture IgG and wash off unbound material, a step of 1.0-1.5 mL/min from 2 to 8 min to elute IgG and a step of 2 mL/min from 8-10 min to equilibrate with binding buffer. The elution of IgG was monitored by a UV detector at 280 nm and fluorescence detection with excitation at 275 nm and emission at 303 nm. The amount of IgG recovered from each medium sample was calculated against a human IgG reference (BETHYL, Cat# E88-104).
Statistical analysis
Statistical analysis was performed using GraphPad Prism, version 5.03 for Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com.
Results
Cell growth
Five cell clones were selected from a population of 13 cell clones that had previously been provided by Biogen Idec. Three of these cell clones (A1, C1, C2) have been characterized with respect to gene copy number, localization, and mRNA levels (Jiang et al. 2006; Jiang and Sharfstein 2009) ; the other two cell clones D (a high producer) and G (a low producer) were selected based on productivity and differential responses to insulin and LONG Ò R 3 IGF-I in preliminary studies. Insulin (5 mg/L) or LONG Ò-R 3 IGF-I at either a low (20 lg/L) or high (100 lg/L) concentration were added at the beginning of batch cultures, and samples were taken daily for cell density, immunoglobulin, and metabolic assays.
Cell clones exhibited significantly different growth profiles, with D and G clones reaching maximum viable cell densities of nearly 2 9 10 6 cells/mL, while A1 and C2 clones reached maximum viable cells densities of only slightly more than 1 9 10 6 cells/mL ( Fig. 1) . Only the D cell clone showed a marked preference for one of the trophic factors over the other, preferring the LONG Ò R 3 IGF-I (this difference was statistically significant over days 0-5, p \ 0.05 by two-way ANOVA). In contrast, the other clones were either indifferent or showed a slight (not statistically significant) preference for insulin. 
Antibody productivity
The total product titer and specific productivity, qP (over days 0-4 for all clones except G, over days 0-3 for clone G) are shown in Fig. 2 . As expected, the higher productivity clones showed much higher titers than the lower productivity clone. In general, the qP was slightly higher in the cultures stimulated with insulin than those stimulated with LONG Ò R 3 IGF-I, with the exception of the C1 cell clone, which showed a slight preference for LONG Ò R 3 IGF-I; however, this preference was not statistically significant (p = 0.06 by one-way ANOVA). The total product titers also showed only small differences between the different trophic factors, with only the D cell clone exhibiting a statistically significant difference between the culture conditions (p \ 0.05 by one-way ANOVA). In this case, the highest titer was observed in the culture supplemented with 100 lg/L of LONG Ò R 3 IGF-I, but the difference in titers was largely due to differences in integrated viable cells density (IVCD) rather than specific productivity. There was no apparent dose dependence in the effects of LONG 
Metabolism
Significant differences in metabolic profiles were also observed between the different clones and the differences between the clones were, in general, much more significant than the differences between the different trophic factors. The glucose concentrations and glucose uptake rates are shown in Fig. 3 . Regardless of clone or trophic factor stimulation, all cultures showed a final glucose concentration of *1 g/L upon culture termination, indicating that the cultures were not glucose limited. The different clones exhibited fairly significant differences in glucose uptake rates, with the highest initial rates observed in the C1 and C2 ([1 ng/cell/h) and the lowest rates observed in the A1 and G cell lines (*0.5-0.6 ng/cell/h). While there was some variation in glucose uptake between the insulin-stimulated and LONG Ò R 3 IGF-I-stimulated cultures, no clear pattern emerged. A priori, one might expect a higher glucose consumption in the cells stimulated with All values are relative to the A1 insulin culture, replicate 1. Actual product titers were between 5 and 100 lg/ mL and specific productivities were between 5 and 100 picograms/cell/day. Values were determined at day 4 in all cultures except G clone which was determined at day 3 due to a rapid decrease in viable cell density after day 3. insulin than in those stimulated with LONG Ò R 3 IGF-I, but that appears not to be the case.
As in the case of glucose, the different cell clones exhibited much larger variations in glutamine consumption patterns than the clones stimulated with different trophic factors (Fig. 4) . All cell lines exhibited glutamine depletion by day 4, presumably leading to the cessation of growth. While there was no statistically significant difference in the glutamine concentrations between the different trophic factors, 3 IGF-I cultures. The G cell clone appears to follow a similar pattern, although the difference in consumption rates was not statistically significant. One might hypothesize that the rapid decline in viable cell density of the G cell clone might have been due to more rapid depletion of the glutamine, but that appears not to be the case; in fact, the G cell clone actually exhibited the lowest specific glutamine consumption rates of all the clones, suggesting that glutamine supplementation would not have extended its growth significantly.
Some of the most striking variations in metabolic profiles can be seen in the amino acid metabolic patterns (Fig. 5) . The greatest differences occurred in glycine and proline and the small polar amino acids, aspartic acid, serine and glutamic acid. As shown in Table 1 , in some clones there was a net consumption of these amino acids, and in others, a net production. Histidine showed the highest net consumption of any amino acid (other than glutamine) and was nearly depleted in all cultures despite additional supplementation of histidine after preliminary experiments. As before, there was no clear distinction between cultures supplemented with insulin and those 
All data from day 4 in culture except for clone G which was determined at day 3
?? More than 50% increase over initial concentration; ? less than 50% increase of starting concentration; ± mixed responses between culture conditions-all less than 50% change from starting values; --decrease from initial conditions with more than 50% of initial concentration remaining; --decrease from initial conditions with less than 50% of initial concentration remaining Cytotechnology (2012) 64:27-41 33 supplemented with LONG Ò R 3 IGF-I. Interestingly, there was an apparent correlation between the amount of histidine consumed and the amount of alanine produced when comparing the different trophic factors in any one cell clone.
The lactate levels and the yields of lactate from glucose are shown in Fig. 6a, b, respectively. In all cell clones, the lactate levels reached a plateau around day 3, corresponding to the transition into stationary (or decline) phase. The actual lactate concentrations varied substantially between the clones. After this plateau, a variety of behaviors were observed with some clones consuming lactate, and others resuming lactate production. These differences can be seen by comparing the yields of lactate from glucose at day 3 and day 5 (Fig. 6b) . In all cases the lactate yields were relatively high, ranging from a low of *0.7 g lactate/g glucose to a high of slightly greater than 1 g lactate/g glucose.
The ammonia generated for each cell clone under the varying growth conditions is shown in Fig. 7 . Approximately 1-2.5 mM ammonia was generated in each clone. As the starting ammonia level in the medium (presumably due to spontaneous deamination of glutamine) was approximately 1.5 mM, final ammonia concentrations ranged from *2 to 4 mM. This level is within the range that has been reported to be toxic to some cell lines (Schneider et al. 1996) , although in some systems, no toxicity was reported below 6 mM. However, no correlation was observed between the ammonia levels and the final cell density (data not shown). As was the case for most of the metabolic parameters, greater variation was seen between the different cell clones than between the different trophic factors, with the C1 and C2 cell clones generating the lowest levels of ammonia and the A1 cell clone the highest levels.
The lactate and ammonia production are compared in Fig. 8 . As can be seen, they exhibit a strong inverse correlation (Pearson r = -0.7818, p = 0.0006, r 2 = 0.6113, Pearson correlation), indicating that the cells that produce high levels of lactate produce lower levels of ammonia and vice versa, suggesting that some cell clones have a more glycolytic metabolic pattern, i.e. more lactate production (particularly C1 and C2), whereas other cell clones (particularly A1) have a metabolic pattern that favors generation of ammonia. Interestingly, the A1 cell clone did not deplete the glutamine more rapidly (see Fig. 4) ; however it did have one of the higher rates of specific glutamine consumption, particularly for the LONG Ò R 3 IGF-I culture supplemented at 20 lg/L. The C2 clone exhibited similar rates of glutamine consumption as the A1 although there was some variation between the trophic factors. The A1 clone did exhibit the lowest specific rate of glucose consumption (Fig. 3) and a slightly higher final glucose concentration than the other cell clones. Notably, the A1 cell clone is the only clone that produced significant amounts of aspartate, glutamate, and proline as shown in Table 1 (possible shunts for carbon that are not converted into lactate); however, its production of alanine was somewhat lower than the C1 and C2 clones (Fig. 5) ; hence C1 and C2 may have reduced their ammonia generation by excreting some of the ammonia as alanine.
Discussion
Use of insulin and insulin-like growth factors (IGF) in cell culture media
Insulin has been a routine component of serum-free media formulations from many of the earliest studies, being widely reported to stimulate cell growth and essential for many cell lines (Barnes and Sato 1980) . Insulin has also been reported to stimulate protein synthesis, both in adipocytes and muscle cells (Pause et al. 1994) as well as in CHO cells (Zhang et al. 1997) . However, the concentrations of insulin required in cell culture (typically 1-10 mg/L) are much higher than the physiological concentrations of insulin, suggesting a variety of possible explanations for its effect. One suggestion was that insulin was rapidly inactivated by cysteine in the basal medium; however, when cysteine was replaced by cystine, the necessary concentration of insulin was decreased tenfold, but this level was still outside of the physiological range (Hayashi et al. 1978) . Other possibilities are that the preparations of insulin were contaminated by other factors or much more likely, that insulin is acting through other receptors, such as the insulin-like growth factor type 1 receptor (or hybrid heterodimers of the insulin and IGF receptors). The development of recombinant insulin in response to a desire for animal-derived component free media (ADCF) has eliminated concerns about contamination of pancreatic-derived insulin with other proteins, leaving questions about the mechanisms of insulin action remaining. Insulin-like growth factor I (IGF-I) is a 70 amino acid polypeptide hormone with a molecular weight of 7.6 kDa with high homology to insulin. Insulin and IGF-1 both signal by binding to their respective receptors. Both receptors are composed of two extracellular a-subunits and two transmembrane b-subunits. The receptors have high homology in their tyrosine kinase domains (84%) but differ markedly in the transmembrane (*25% homology) and carboxyterminal domain (Laviola et al. 2007 ). Binding of the respective hormones leads to a conformational change causing autophosphorylation on cytoplasmic tyrosine residues. Previous work at Novozymes determined that the number of IGF-1 receptors in CHO cells is approximately tenfold greater than the number of insulin receptors (Yandell et al. 2004 ); however, literature reports indicate that in the presence of a large excess of one type of receptor, insulin and IGF-1 receptors tend to heterodimerize (Laviola et al. 2007 ). The IGF-1 receptor is reported to have 100-1,000-fold less affinity for insulin than IGF. Interestingly, the heterodimeric receptors show very little loss of affinity for IGF-1, but fairly low affinity for insulin (Pandini et al. 2002; Slaaby et al. 2006; Benyoucef et al. 2007) , suggesting that the heterodimers would also require super-physiological concentrations of insulin to stimulate growth.
A number of authors have suggested that IGF-I could substitute for insulin in cell culture medium, either by exogenous addition (Rasmussen et al. 1998) , or by engineering the cell lines to produce their own IGF-I (Hunt et al. 1997; Li et al. 2000; Sunstrom et al. 1998; Sunstrom et al. 2000) . However, exogenous addition of IGF-I is complicated by the presence of IGF binding proteins (IGFBP) secreted by the cells. In vivo, virtually all of the secreted IGF-I appears to be bound by one of at least six IGFBPs which have significantly higher affinity for IGF-I than the IGF receptors (Holly 2004) , and in one of the CHO cell studies in which IGF-I was exogenously expressed, IGFBP-3 expression was induced in response to the presence of IGF-I, potentially limiting the effectiveness of IGF-I at stimulating growth (Sunstrom et al. 1998) . To alleviate the effects of IGFBPs, an IGF-I analog (LONG Ò R 3 IGF-I) was developed by Novozymes (previously Gropep) in which the third amino acid, glutamate was replaced by arginine (Francis et al. 1992) , reducing the affinity of LONG Ò R 3 IGF-I for IGFBPs by [ 100-fold without compromising its biological potency.
A limited number of published studies have compared growth (Chun et al. 2003) or viability and productivity (Morris and Schmid 2000) in CHO cells grown either in the presence of insulin and/or LONG Ò R 3 IGF-I. Additional studies have examined receptor activation (Voorhamme and Yandell 2006) and the signaling pathways activated by the two Lactate Concentration (g/L) Ammonia Generation (mM) Fig. 8 Lactate concentrations (day 3) versus ammonia production (day 4, except for clone G which is reported at day 3). Error bars represent the standard deviation of duplicate biological experiments mitogens (Yandell et al. 2004) . LONG Ò R 3 IGF-I was found to be effective at much lower concentrations (5-100 lg/L) than insulin, as would be expected. In the study performed by Morris and Schmid, two different CHO cell lines, producing different recombinant proteins from the same parental cell line were examined. Both cell lines exhibited extended viability in the presence of LONG Ò R 3 IGF-I compared to insulin, and this extended viability presumably led to the increase in product titer that was reported in both cell lines. Glucose consumption and lactate production were unaffected by the choice of trophic factor in both cell lines. In the study performed by Chun et al., a factorial design study was applied to identify stimulatory proteins that would have a beneficial effect on serum-free CHO cell cultures. They examined the effects of insulin, LONG Ò R 3 IGF-I, transferrin, and basic fibroblast growth factor (bFGF). LONG Ò R 3 IGF-I had the most beneficial effect on growth, followed by insulin; bFGF had a minor positive effect on growth, and transferrin showed little to no benefit. Interestingly, supplying both insulin and LONG Ò R 3 IGF-I had an antagonistic affect, possibly due to competition between the insulin and LONG Ò R 3 IGF-I for the IGF-I receptors. This result is somewhat surprising considering that the IGF-I receptors (and any insulin/IGF-1 receptor heterodimers) would be expected to have a much higher affinity for LONG Ò R 3 IGF-I than for insulin. It is possible that this outcome is an artifact of the factorial design study, as other investigators have reported synergistic effects of combining insulin and LONG Ò R 3 IGF-I (personal communication). In contrast to the previous studies, we found that only one cell clone (clone D) exhibited improved growth in response to LONG Ò R 3 IGF-I in comparison with insulin; the other clones were largely indifferent, although clone A1 did exhibit a slight extension of viability (Fig. 1) . It is possible that had our cultures not become glutamine depleted, we might have seen a similar extension of viability to that observed by Moriss and Schmid. However, we also did not see a general improvement in viable density at day 3 as observed in the studies by Chun et al. (whose initial glutamine level was 4 mM, the same as ours). We did observe that in addition to the D clone, which showed an overall improvement in growth in the LONG Ò-R 3 IGF-I over the insulin cultures, the C2 line showed a higher cell density at day 3 (the study endpoint in the Chun paper). However, the insulin culture did ultimately surpass the LONG Ò R 3 IGF-I cultures in its maximum cell density; moreover, the titers were reduced in the LONG Ò R 3 IGF-I cultures (particularly the 20 lg/L supplemented culture) due to a reduction in the specific productivities. Neither of the previous studies reported specific productivities, although the study by Morris and Schmid did report changes in product titers. As they did not report IVCD values, one can only surmise that the increase in productivity was due primarily to the extension of growth and not to a change in qP. We observed that the specific productivities were in generally slightly higher in the insulin supplemented cultures (although not statistically significant) with the one exception of the C1 clone, which showed a slightly higher (though not statistically significant) specific productivity in the cultures supplemented by LONG Ò R 3 IGF-I. Hence, when considering medium supplementation with different trophic factors, it is clearly important to examine the effects on both growth and product titer. It is likely that these observations would also hold for fed-batch cultures, but this would need to be verified.
Clonal variation in cellular metabolism
While the initial goal of these studies was to investigate the effects of insulin and LONG Ò-R 3 IGF-I on growth and antibody productivity for a collection of cell clones with industrial productivity levels, a somewhat surprising outcome of these studies was the significant variability in metabolic behavior between different cell clones. Much of the early work on industrially relevant mammalian cell culture systems, particularly hybridoma cells, focused on understanding metabolic behavior (Bonarius et al. 1996; Leno et al. 1992; Mancuso et al. 1994 Mancuso et al. , 1998 Ozturk and Palsson 1991; Savinell and Palsson 1992; Sharfstein et al. 1994; Xie and Wang 1994; Zupke and Stephanopoulos 1995) . However, it became apparent that unlike microbial systems, there was not a direct link between metabolic behavior and productivity . As production of monoclonal antibodies moved from hybridoma cells to CHO cells, with the introduction of strong viral promoters and amplified gene copy numbers, the focus shifted to designing media and feeding strategies to achieve higher viable cell densities and extended growth phases (Wurm 2004) . To achieve that goal, industrial studies focused primarily on factorial experimental design and spent medium analysis (Chun et al. 2003; Ganne and Mignot 1991; Kim and Lee 2009; Kontoravdi et al. 2005; Liu et al. 2001; Sandadi et al. 2006) . However, with the development of genome-scale models that can address all of the metabolic pathways in cells (Selvarasu et al. 2009; Sheikh et al. 2005 ) and the development of microarray technologies that can evaluate gene expression levels (Dorai et al. 2007; Griffin et al. 2007; Shen and Sharfstein 2006; Swiderek and Al-Rubeai 2007; Shen et al. 2010) , there has been renewed interest in understanding cellular metabolism and its relationship with protein productivity (Baughman et al. 2010a, b) .
In these studies, the specific glucose and glutamine consumption rates differed sharply between different cell clones. The C2 clone showed the highest specific rate of glucose consumption and one of the highest rates of glutamine consumption, but not the highest cell titers. The G cell line, which had the lowest titers, did not exhibit the lowest consumption rate of glucose, but the LONG Ò R 3 IGF-I supplemented cultures of the G clone did exhibit the lowest specific glutamine consumption rates. The amino acid utilization patterns were also quite striking (Table 1) . The A1 clone, which had the lowest overall maximum viable cell density and the G clone, which had the highest overall viable cell density, both secreted aspartic acid, while all of the other clones consumed it. The A1 clone also secreted glutamate and proline, the only clone to do so. The G clone produced glycine, while all other clones consumed it. Similar variation was seen in the metabolite patterns. While all cell clones produced lactate and ammonia, the amount produced and the yields differed sharply. A strong inverse correlation was observed between ammonia production and lactate production ( Fig. 8) with the A1 clone favoring ammonia production and both C clones, lactate production. As lactate is generally believed to be much less toxic than ammonia, this suggests that clones could be screened for lactate and ammonia production, and those that exhibit more beneficial phenotypes selected to go forward. One might argue when comparing the C2 and D clones, both of which exhibited quite high productivities and titers that the C2 clone with its slightly lower titer might perform better in fed-batch cultures due to its somewhat lower production of lactate and ammonia. This reduced production of lactate and ammonia may be due to the high rate of alanine synthesis (Fig. 5) , serving as both a repository for carbon that is not consumed by the TCA cycle as well as a sink for nitrogen removed from glutamine. Interestingly, the two C clones, which were derived from the same parental transfection, both exhibit fairly high rates of alanine production when compared with the other clones. The relationship between productivity and metabolism is still unclear as the two highly productive clones (C2 and D) exhibit quite different metabolic behaviors, suggesting that there are a variety of ways for cells to utilize nutrients that can still lead to optimal growth and productivity patterns. Current work in our laboratory is attempting to address the relationships between these metabolic patterns and growth and productivity using a genome-scale reconstruction based on our previous state-space approach to modeling cellular metabolism (Baughman et al. 2010a, b) . However, our experimental results strongly suggest that several highly productive clones be screened when attempting to optimize medium formulations or ''fit'' a new cell line and product into an existing platform process. While the results presented here are for batch cultures and do not address fedbatch conditions, the metabolic differences between clones are apparent long before nutrients become depleted, suggesting that the clonal variation might be exacerbated rather than diminished under fedbatch conditions.
Conclusions
Five CHO cell clones producing the same recombinant monoclonal antibody with industrial levels of productivity were examined for growth, productivity and metabolic behavior in cultures stimulated with either insulin or LONG Ò R 3 IGF-I. Neither trophic factor improved growth or productivity in all clones, and in general, the differences in growth and productivity between the different culture conditions were fairly modest. The least productive culture conditions produced more than 70% as much antibody as the most productive conditions, and the culture conditions that exhibited the highest growth had an IVCD that was *1.5-fold higher than the lowest conditions for the same cell clone. Most strikingly, the different clones exhibited quite different metabolic behaviors with respect to nutrient uptake and metabolite production. These behaviors were not correlated with growth or productivity either between the clones or in response to stimulation with trophic factors. The substantial differences in response to trophic factors and cellular metabolism between different clones, all from the same parental CHO cell line and all producing the same recombinant monoclonal antibody strongly suggests that multiple clones be brought forward during process development in order to identify clones that will both provide high levels of productivity and good compatibility with platform processes.
